Inherent symmetries of a system lead to multiple degeneracies of its energy spectra.
In solids, such as graphene, with multiple degenerate degrees of freedom in energy spectra, it is possible to realize many exotic broken-symmetry states [1] [2] [3] [4] [5] [6] [7] [8] . It is well-known that the fourfold valley and spin degeneracies in graphene arise through its inherent symmetries. In previous studies, the degeneracy of graphene is globally lifted, for example, by electron-electron interactions, and then the exotic ordered states, such as multicomponent quantum Hall states, ferromagnetism, and even superconductivity, are realized in the whole system [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Introducing individual atomic impurities could locally break the inherent symmetries of graphene [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and, therefore, it is expected to lift the degeneracies of the energy spectra and realize novel broken-symmetry states in graphene at the nanoscale. However, measuring broken-symmetry states induced by an isolated atomic impurity in graphene has turned out to be challenging.
In this Letter, two types of individual atomic impurities, i.e., isolated nitrogen dopant and chemisorbed single hydrogen atom, are introduced in a controlled manner in graphene. By using Landau levels (LLs) spectroscopy, we systematically measure the broken-symmetry states induced by the two types of individual atomic impurities. Our experiment demonstrate that both the nitrogen dopant and hydrogen atom can lift the valley degree of freedom for several nanometers around the impurities by breaking sublattice symmetery of graphene. For the chemisorbed single hydrogen atom, a fully valley and spin polarized state is realized within about 1 nm of the impurity because the coexistence of sublattice symmetry breaking and enhanced spin-orbit coupling (SOC) introduced by the H atom. Our result highlights the way to tailor various brokensymmetry states in graphene at the nanoscale.
In our experiment, two types of individual atomic impurities, i.e., nitrogen (N) dopant with a planar configuration 19 and hydrogen (H) chemisorption with an out-of-plane configuration 20 , are introduced in a controlled manner in graphene, as schematically shown in Fig. 1a . The N dopants in graphene are introduced by thermal decomposition of a small amount of ammonia borane during the growth process of graphene 23 . The isolated H atoms absorbed on graphene is introduced via a H2 plasma after the synthesis of graphene 34 The obtained impurities are of extremely low concentrations and, usually, there is only one atomic impurity within a 20  20 nm 2 region to remove any possible interactions between the impurities. To explore the degeneracy and broken-symmetry states around the individual atomic impurities, we measure Landau levels (LLs) spectra around the impurities by carrying out scanning tunnelling microscopy and spectroscopy (STM and STS) measurements in high magnetic fields. In pristine graphene monolayer, a perpendicular magnetic field quantizes the continuous electronic spectrum into discrete LLs, and each LL is fourfold degenerate due to spin and valley degrees of freedom [36] [37] [38] [39] , as schematically shown in Fig. 1b . When the degeneracy of graphene is partially lifted, for example, the valley degeneracy is lifted, each LL will split into two peaks ( Fig. 1c ).
If both the valley and spin degrees of freedom in graphene are removed, each LL will split into four peaks, as schematically shown in Fig. 1d . By taking advantage of high spatial resolution of the STM and high energy resolution of the LLs spectra, as shown subsequently, we can measure the subtle broken-symmetry states and their spatial extention around the individual atomic impurities of graphene. The STS spectrum recorded on the N dopant ( Fig. S4 ) exhibits a prominent electronhole asymmetry, accompanied by a resonant peak at ~ 0.5 eV above the Fermi energy.
All these features, including the STM image and the STS spectrum, are well consistent with that of an isolated N dopant in graphene, as reported in previous studies 19, 40, 41 . The spatial-resolved broken-symmetry states of graphene around the N dopant are studied via the LL spectra under high magnetic fields. The STS spectrum recorded at 5 nm away from the N atom exhibits a well-defined Landau quantization of the massless Dirac fermions ( Fig. 2b) , which demonstrates explicitly that the topmost graphene monolayer efficiently decouples from the supporting substrate and behaves as a freestanding graphene monolayer [42] [43] [44] . Moreover, no detectable splitting of the LLs is observed, indicating that the fourfold degeneracy of the graphene monolayer is preserved. However, for the STS spectrum recorded at the N atom, a notable splitting of the N = 0 LL, ~ 20 meV, is clearly observed (Fig. 2b) . For individual H atoms chemisorbed on graphene, our experiment demonstrates that even richer broken-symmetry states are introduced around the impurity. Figure 3 20 . The chemisorbed H atom, which is similar as the N dopant, also locally breaks the sublattice symmetry of graphene. Therefore, we also detect the valley polarized state, as featured by splitting into two peaks of the 0 LL, around the H atom ( Fig. 2b ) and the valley splitting also increases linear with external magnetic fields (see Fig. S7 of the Supplemental Material 35 ). However, when we measure the LLs spectrum at the chemisorbed H atom, two new features are observed, as shown in Fig. 2b . First, each of the valley-polarized peak of the 0 LL further splits into two peaks, indicating that the spin degeneracy is lifted 9, 47 . Second, we observe splitting of nonzero LLs: for example, the -1 LL clearly splits into two peaks. The spin splitting of the K' and K valleys in the 0 LL, as defined as ∆E 1 0 LL and ∆E 2 0 LL , when recorded on the H atom depend weakly on the magnetic fields, as shown in Fig. 3(c) .
The splitting of the nonzero LL is also measured in different magnetic fields and Fig.   3(d) shows the splitting of the -1 LL as a function of magnetic fields as an example (see Fig. 3e .
Additionally, the calculated splitting of the N < 0 LLs is slightly larger than that of the N > 0 LLs (Fig. 3e) . Obviously, all the experimental features observed in our experiment are reproduced quite well by our theoretical calculation.
As demonstrated in Fig. 2, we and we observe well-defined LLs with fourfold degeneracy (Fig. 4a and 4b ). In the intermediate region, only the sublattice symmetry breaking dominates the breakingsymmetry states and we observe valley-polarized zero LL in our experiment. Figure 4b summarizes the three regions as a function of magnetic fields measured in our experiment. Obviously, the spatial extention of the SOC is much smaller than that of the sublattice symmetry breaking induced by the chemisorbed H atom.
In summary, we systematically study the broken-symmetry states in graphene 
